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ABSTRACT
Aim The forest steppe of the Transylvanian Plain is a landscape of exceptionally
diverse steppe-like and semi-natural grasslands. Is this vegetation a remnant of a
once continuous temperate forest extensively cleared by humans, or has the area,
since the last glacial, always been a forest steppe? Understanding the processes that
drive temperate grassland formation is important because effective management
of this biome is critical to the conservation of the European cultural landscape.
Location Lake Stiucii, north-western Romania, central-eastern Europe.
Methods We analysed multi-proxy variables (pollen, coprophilous fungi,
plant macroremains, macrocharcoal) from a 55,000 year discontinuous
sequence (c. 55,000–35,000; 13,000–0 cal. yr bp), integrating models of pollen-
based vegetation cover, biome reconstruction, global atmospheric simulations
and archaeological records.
Results Needleleaf woodland occurred during glacial Marine Isotope Stage
(MIS) 3, but contracted at the end of this period. Forest coverage of c. 55%
(early Holocene) and 65% (mid-Holocene) prevailed through the Holocene,
but Bronze Age humans extensively cleared forests after 3700 cal. yr bp. Forest
coverage was most widespread between 8600 and 3700 cal. yr bp, whereas
grasses, steppe and xerothermic forbs were most extensive between 11,700 and
8600 cal. yr bp and during the last 3700 cal. yr bp. Cerealia pollen indicate the
presence of arable agriculture by c. 7000 cal. yr bp.
Main conclusions We have provided the first unequivocal evidence for nee-
dleleaf woodland during glacial MIS 3 in this region. Extensive forests prevailed
prior to 3700 cal. yr bp, challenging the hypothesis that the Transylvanian low-
lands were never wooded following the last glaciation. However, these forests
were never fully closed either, reflecting dry growing season conditions, recur-
rent fires and anthropogenic impacts, which have favoured grassland persis-
tence throughout the Holocene. The longevity of natural and semi-natural
grasslands in the region may explain their current exceptional biodiversity. This
longer-term perspective implies that future climatic warming and associated
fire will maintain these grasslands.
Keywords
Anthropogenic impact, Bronze Age, fire, grassland diversity, Holocene, MIS-3,
palaeoecology, REVEALS, Romania, steppe.
INTRODUCTION
Eurasian forest steppe is an intermediate biome between the
temperate forests and the temperate grasslands that extends
intermittently from the Carpathian foothills to the Altay.
Because forest steppe has been continuously transformed by
human activities, the biogeography of this biome in Europe
now has a cultural, rather than natural legacy, primarily in
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regions where local environmental factors favour forest
(Ellenberg & Leuschner, 2010).
The forest steppe of Transylvania (north-western Roma-
nia) is a landscape whose origin has been much debated and
which has an exceptional biodiversity of steppe-like and
semi-natural grasslands (Ruprecht et al., 2009; Dengler et al.,
2012). According to Bohn et al. (2003) the natural vegetation
of the region is a mixed thermophilous deciduous forest,
whereas Kun et al. (2004) classified this zone as a forest
steppe unit. The origin of the open landscape of the Transyl-
vanian Plain has been disputed for nearly two centuries since
Kerner (1863) noted the unusual openness of this region (see
Badarau, 2005). Two contrasting hypotheses have been put
forward to account for how and when the region’s extensive
openness and grasslands were created. The first scenario pro-
poses that the Transylvanian Plain was never extensively
wooded following the last major glaciation, during which
steppe and forest steppe extended over much of Europe. The
region’s forest steppe, according to this hypothesis, is a con-
sequence of a relatively dry continental climate that predomi-
nated throughout the Holocene (Frenzel, 1968; Badarau,
2005; and references therein). According to the second sce-
nario, the forest patches in the Transylvanian Plain are rem-
nants of once continuous forests (Borza, 1936) that were
extensively cleared by humans, probably in the last one to
two millennia (Ruprecht et al., 2009). To date, the sole pal-
aeovegetation record close to the study region covers the per-
iod c. 13,000–5000 cal. yr bp and shows that the landscape
was covered by forest until 5000 years ago (Feurdean et al.,
2007). Anthropogenic land cover change models (ALCCs)
offer an alternative assessment of land-cover variability over
time, but often show contrasting results to proxy reconstruc-
tions, depending on the region. There are also discrepancies
between the models used. For example, modelling incorpo-
rating adaptive changes in land-use systems over time (e.g.
KK10), indicates an earlier and stronger impact on land
cover than that resulting from conservative models, which
assume that land use per capita is constant over time, e.g.
the HYDE model (Kaplan et al., 2011). An accurate quantifi-
cation of anthropogenic impact is necessary to adequately
determine the magnitude and the timing of land-cover
change brought about by human land use. It is therefore an
important dimension in projecting future trajectories of envi-
ronmental change.
Shedding light on the origin of this region’s forested steppe
landscape and its marked grassland diversity has an ecological
relevance beyond the study area, especially in terms of under-
standing the processes that drive temperate grassland forma-
tion, variability and the reasons for their diversity. In addition
to environmental factors, disturbance by fire helps to maintain
tropical and North American temperate grasslands, and thus
landscape openness (Hoffmann et al., 2012). Simulations
using dynamic global vegetation models that include fire dis-
turbance indicate that in the absence of fire, many regions that
currently support shrubs and herbaceous vegetation would
turn into forests (Bond et al., 2005). How fire–grass interac-
tions have served to limit woody cover in European temperate
grasslands and to facilitate grassland preservation over shrub
and forest remain to be demonstrated.
Here, we present an integrated palaeoecological record
from Lake Stiucii (pollen, coprophilous fungi, plant macrore-
mains, macrocharcoal), along with pollen-based vegetation
modelling (using REVEALS; Sugita, 2007) and biome recon-
struction, as well as global climate simulations and archaeo-
logical records, to examine the dynamics of the forest and
grassland in this region, as well as the timing and amplitude
of alterations in vegetation cover by humans. The Lake
Stiucii record is a 55,000 year discontinuous sequence (c.
55,000–35,000; 13,000–0 cal. yr bp), whose continuity has
been affected by erosional hiatus. Nevertheless, this long-
term sedimentary record does allow the examination of vege-
tation sensitivity to climate fluctuations during glacial condi-
tions and is one of the first such records from the region.
We tested two main hypotheses: (1) the forest steppe of the
Transylvanian Plain and its highly diverse grassland have per-
sisted in this region throughout the Holocene; and (2) the for-
est patches in this region are remnants of early post-glacial
continuous temperate forests that were extensively cleared by
humans sometime during the Holocene and never fully recov-
ered. Our emphasis lies on the processes that drive natural and
semi-natural grassland formation, in particular climate–fire–
vegetation interactions and human legacies. This is important
as these habitats now play a key role in conserving biodiversity
in European agricultural landscapes (Dengler et al., 2012).
MATERIALS AND METHODS
Geography, climate and vegetation
The climate of the region surrounding Lake Stiucii (239 m
a.s.l.; 46°580 044 N; 23°540 106 E; 38 ha; watershed c. 131 ha
(Feurdean et al., 2013a) is temperate continental with a
mean annual temperature of c. 8–9 °C, January temperature
c. 1 °C and July 18–20 °C. Annual precipitation is
550–650 mm with the highest values occurring in spring and
summer (May–July) and the lowest in late autumn–winter
(October–March). The geology comprises mainly Neogene
marine marls and sands intercalated with volcanic tuffs and
salt deposits. Soils are predominantly haplic and luvic cher-
nozioms and phaenozems with gleic soils predominating
along valley floors (IUSS Working Group WRB, 2007).
Anthropogenic activities have significantly changed the land
cover near the study site so that it consists of approximately
16% forest, 17% pasture and meadows, and 60–70% arable
land and orchards, today mostly in an abandoned state
(Fig. 1). The remnant forest patches are confined to the hill-
tops and are primarily composed of Quercus robur, Q. petraea,
Q. pubescens, Carpinus betulus, Fagus sylvatica and plantations
of Robinia pseudoacacia, Pinus sylvestris and P. nigra. At pres-
ent, the steppe-like grasslands are confined to south-facing,
sunny slopes or marly soils where competition from tree spe-
cies and agriculture yields are low (Badarau, 2005; Dengler
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et al., 2012). On the salt-rich soils, halophytesilous plants,
including Suaeda maritima, Petrosimonia triandra, Salicornia
herbacea, Plantago cornuti and Artemisia salina, occur. Plant
nomenclature follows Tutin et al. (1964–1980).
Core collection, chronology and analyses
Sediment cores were extracted from the deepest (6 m) part of
Lake Stiucii. The construction of a composite sedimentary
record (total 726 cm) and a chronology of the upper 626 cm
(last 12,000 years) were presented in Feurdean et al. (2013a).
For the bottom part of the sediment profile (726–626 cm), the
radiocarbon and optically stimulated luminescence (OSL)
dates are described in Appendix S1 in Supporting Information.
The chronological results indicate that the Lake Stiucii basin
records environmental conditions from about 55,000 cal. yr
bp (full glacial) with likely erosional events between 38,000
and 13,000 cal. yr bp. However, sediment accumulation dur-
ing the last 12,000 cal. yr bp was continuous and the rate var-
ied between 8 and 40 cm yr1 (Feurdean et al., 2013a).
Pollen was extracted from sediment samples (1.5 cm3) at
intervals ranging between 1 and 10 cm along the core follow-
ing the standard procedures of Bennett & Willis (2001). The
total pollen counts, excluding Cyperaceae, spores and aquatics
at each level varied between 197 and 746 (343 mean). Pollen
and spore counts were converted into percentages of the ter-
restrial pollen sum. Non-pollen palynomorphs were also tal-
lied to identify grazing by domestic animals or wild herbivores
(Baker et al., 2013). The pollen record was divided into pollen
zones using optimal splitting based on an information content
technique as implemented in Psimpoll (Bennett, 2007).
The macroscopic charcoal content (160 lm) of contiguous
sediment samples (1 cm3) was analysed to document local
fire history (Feurdean et al., 2013a).
Analysis of plant macroremains, including charred
remains, was performed on a sample volume of 10 to
30 cm3 (measured by volumetric displacement). The plant
macrofossils were sieved using a 0.2 mm mesh with no
chemical treatment prior to the sieving. The macrocharcoals
were selected and identified under a reflected light micro-
scope, whereas the other plant macroremains were sorted
and identified under a binocular microscope after wet siev-
ing. The results are presented as the concentration of identi-
fiable items in a 30 cm3 sample volume.
Quantitative reconstruction of land cover using the
REVEALS model
The pollen–vegetation relationship is not straightforward, but
depends on the size and type (lake or bog) of the sedimen-
tary basin, and differences in the pollen productivity and dis-
persal characteristics of taxa (Sugita, 1994, 2007; Brostr€om
et al., 1998; Nielsen et al., 2012). To correct for these biases,
and thereby to produce a quantitative reconstruction of the
vegetation cover in the region surrounding Lake Stiucii, we
used the REVEALS model (Sugita, 2007). This model is
designed to obtain estimates of regional vegetation, i.e.
within 50–100 km (Hellman et al., 2008) from pollen data
from both lakes and bogs. Pollen productivity estimates
(PPE) and the fall speed (FSP) for each of the 28 pollen types
considered (15 woody and 13 herbaceous taxa) were obtained
from the literature, including estimates from the Czech
Republic (Abraham & Kozakova, 2012; Mazier et al., 2012;
Table 1, Appendix S2). Over time the site has undergone a
change between lake and peatland (Feurdean et al., 2013a).
We took this into consideration when running the REVEALS
model by applying the appropriate pollen dispersal and
deposition models: the Prentice (1985) model for peatland
period (11,450–4700 cal. yr bp), and the Sugita (1994) lake
model for the open water phases (55,000–11,450 cal. yr bp
and 4700–0 cal. yr bp). However, switching dispersal model
does not fully account for vegetation that grows on the site
itself during the peatland phase, hence we excluded Cypera-
ceae from the REVEALS analysis. In addition, Cyperaceae
Figure 1 (a) Location of the study area in Europe, (b) distribution of forest steppe in Eurasia [redrawn after Varga et al. (2000) and
Magyari et al. (2010)], and (c) CORINE Land Cover 2006 map.
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may be over-represented as a result of the prevalence of wet-
land conditions. Over-representation of other peatland taxa,
such as certain species of Poaceae, could also lead to inaccu-
racies in modelled forest openness (see Discussion), although
the Poaceae pollen percentages are not generally higher dur-
ing the peatland than lake phases. Kunes et al. (2011) discuss
the uncertainties associated with the REVEALS model, and
conclude that it can be regarded as the best available method
to estimate vegetation openness and the ratio between decid-
uous and conifer forest. We therefore chose to apply the
REVEALS model to obtain a more realistic reflection of vege-
tation composition and openness than raw pollen percentages
provide. A full description of the application of the
REVEALS model is given in Appendix S2.
Biome reconstruction
Biomization was applied to the REVEALS output using a mod-
ified biome scheme of Prentice et al. (2000) developed by the
EMBSeCBIO members to represent the major vegetation types
in the study region. This scheme recognizes 14 biomes
(Appendix S2). Affinity scores for any given pollen spectrum
and biome were calculated as the sum of pollen values for the
taxa that may occur in that biome. Prior to this calculation,
the REVEALS estimates were square-root transformed in order
to increase the signal-to-noise ratio. The minimum threshold
for inclusion of a pollen type is 0.5%.
Climate simulations
To simulate the climate conditions during the last 12,000 years,
we employed the NCAR CAM3.1 Global Atmospheric Model
coupled to the CLM3.0 Land Surface Model and a slab-ocean
model (Collins et al., 2004; see details in Feurdean et al.,
2013a). In the present study, growing season temperature, pre-
cipitation and potential evapotranspiration values were
extracted and interpolated to the site location. In the temperate
zone, the temperature limit of the growing season is 5 °C,
which coincides with the April–October period in most simula-
tions. Monthly mean potential evapotranspiration was calcu-
lated according to Hargreaves et al. (1985), which requires top-
of-the-atmosphere incoming solar radiation, monthly mean
temperature and daily temperature range as input variables.
Archaeological literature survey
From the archaeological literature (Crișan et al., 1992; Boro-
ffka, 1994) and online databases (e.g. the Archaeological
Repertorium of Romania, http://ran.cimec.ro/), we deter-
mined the number of archaeological sites (settlements and
cemeteries) within a 10 km radius of Lake Stiucii.
RESULTS
Land-cover and biome reconstruction
Six major periods of change in land cover were detected over
a 55,000 year period, as follows.
c. 55,000–35,000 cal. yr BP: evergreen needleleaf forest
The REVEALS estimate of tree cover varied between 50%
and 60% and was dominated by Pinus pollen with small pro-
portions of Betula, Alnus, Picea abies, Salix and Juniperus,
and isolated finds of Tilia and Ulmus pollen (LS-10, Fig. 2).
Poaceae (maximum 50% in the REVEALS model and 15%
as a raw pollen percentage), Chenopodiaceae and Artemisia
were the main components of the herbaceous cover and
these were associated with high macrocharcoal concentra-
tions (Fig. 2). Biome reconstruction indicates the predomi-
nance of evergreen needleleaf woodland or forest.
c. 35,000 cal. yr BP hiatus)–13,000 cal. yr BP: grasslands
The REVEALS estimate of tree cover declined around
650 cm to an average of 35% (LS-9a, Fig. 2). High propor-
tions of Poaceae (c. 60% REVEALS model and c. 25% raw
pollen percentages), Chenopodiaceae and Artemisia led to a
Table 1 Pollen fall speed, relative pollen productivity estimates
(PPE) and standard error estimates (SE) for 28 taxa. Data are
from Mazier et al. (2012) except those marked with an asterisk,
which are from Abraham & Kozakova (2012).
Pollen taxa Fall speed (m s1) PPE SE
Abies 0.120 6.88 1.44
Alnus 0.021 2.56* 0.32*
Betula 0.024 3.09 0.27
Carpinus 0.042 3.55 0.43
Corylus 0.025 1.99 0.20
Fagus 0.057 2.35 0.11
Fraxinus 0.022 1.03 0.11
Juniperus 0.016 2.07 0.04
Picea 0.056 2.62 0.12
Pinus 0.031 6.38 0.45
Salix 0.022 1.22 0.11
Tilia 0.032 1.36* 0.26*
Ulmus 0.032 1.27 0.05
Quercus 0.035 1.76* 0.20*
Sambucus 0.013* 1.30* 0.12*
Apiaceae 0.042 0.26 0.01
Artemisia 0.025 2.77* 0.39*
Asteraceae Tululiflorae 0.029 0.10 0.01
Asteraceae Liguliflorae 0.051 0.16 0.02
Cerealia 0.060 1.85 0.38
Chenopodiaceae 0.019* 4.28* 0.27*
Filipendula 0.006 2.81 0.43
Galium 0.019 2.61 0.23
Plantago lanceolata 0.029 3.7* 0.77*
Plantago major 0.024 1.27 0.18
Poaceae 0.035 1.00 0.00
Potentilla 0.018 1.19 0.13
Ranunculaceae 0.014 1.96 0.36
Rumex acetosa 0.018 2.14 0.28
Urtica 0.007* 10.52* 0.31*
Secale 0.060 3.02 0.05
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biome reconstruction dominated by grassland (Fig. 2). How-
ever, most of this interval is likely to be a hiatus.
c. 13,000–11,700 cal. yr BP: grasslands
The proportion and composition of the vegetation assem-
blages (LS-9b), as well as of biome reconstruction (grass-
lands), remained largely similar to the zone above. However,
compared to the previous zone, there is an increased
proportion of temperate trees (Ulmus and Quercus) and
macrocharcoal concentrations (Fig. 2).
11,700–8600 cal. yr BP: mixed evergreen needleleaf and
deciduous broadleaf forest
The REVEALS estimate of tree cover increased to an average
c. 57% after 11,700 cal. yr bp (LS-8; Fig. 3a). Significant
changes were the decline of Betula and Alnus and an increase
in Picea abies, which showed a pronounced peak between
11,350 and 10,350 cal. yr bp. Ulmus, Quercus and Fraxinus
also increased from 11,300 cal. yr bp (Fig. 3a). The relative
abundance of all forbs, Asteraceae Liguliflorae, Chenopodia-
ceae, Artemisia, Plantago major, Thalictrum, Brassicaceae,
Caryophilaceae and Filipendula diminished, whereas Poaceae
remained dominant (Fig. 3b). Pinus levels dropped markedly
from 10,500 cal. yr bp (LS-7), whereas Corylus avellana
abundance increased at the expense of Ulmus from 9500 cal.
yr bp (LS-6). Biome reconstruction indicates the occurrence
of cool mixed evergreen needleleaf and deciduous broadleaf
forest (Fig. 4). The arboreal pollen percentage was c. 10%
higher than in the REVEALS model (Fig. 4). Dominant taxa
in the plant macroremains record were Poaceae undiff. and
Phragmites (Fig. 5). Macrocharcoal accumulation rates were
the highest in the record during this period (Fig. 6).
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Figure 2 Estimated regional vegetation cover based on the REVEALS model (black lines) and pollen percentages (grey lines); tree
(arboreal pollen, AP) versus herbaceous cover (non-arboreal pollen, NAP) at Lake Stiucii, north-western Romania (LS denotes local
pollen assemblage zones at this site); total macroremains of herbaceous plants (black) and Poaceae (grey); macrocharcoal concentration
(CHAC); main vegetation types (see Fig. 4 for colour coding), and biome reconstruction. Lithostratigraphy, calibrated radiocarbon
accelerator mass spectrometry (AMS) 14C and optically stimulated luminescence (OSL) ages are also given. The orange rectangle
highlights warmer periods such as the early Marine Isotope Stage 3 (MIS 3) and the early Holocene, whereas the blue rectangle
highlights cold periods possibly the end of MIS 3/beginning of MIS 2 and the Younger Dryas (YD). The dashed horizontal line shows
the likely occurrence of a hiatus.
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8600–3700 cal. yr BP: temperate deciduous broadleaf forest
In the REVEALS reconstruction, the relative abundances of
tree taxa rose gradually to about 60–70%, mainly represented
by Picea abies, Quercus, Corylus avellana, Carpinus betulus
(LS-5) and Fagus sylvatica (LS-4). Percentages of Poaceae
and forbs pollen types declined (Figs 3b & 4). The main dif-
ferences between REVEALS and raw pollen percentage esti-
mates were that REVEALS predicted a greater cover of
Poaceae and Picea, and slightly lower cover values for most
other tree species and for Chenopodiaceae than found in the
raw data. Biome reconstruction indicates the prevalence of
temperate deciduous broadleaf forest until 7000 cal. yr bp
and warm-temperate deciduous malacophyll broadleaf forest
between 7000 and 3700 cal. yr bp (Fig. 4). Dicotyledonous
herbs, Phragmites and Poaceae undiff. were the main ele-
ments in the macrofossil assemblages (Fig. 5). Macrocharcoal
accumulation rates in this period were the lowest in the pro-
file (Fig. 6).
3700–0 cal. yr BP: declining forest cover
Tree cover declined slightly from 4800 cal. yr bp, but a rapid
reduction in the relative abundance of tree pollen taxa
occurred after 3700 cal. yr bp (Figs 3a & 4). Intervals of tree
cover increase (up to 55–60%) between 700 and 200 cal. yr bp
(LS-2) and during the last 20 years (LS-1) are indicative of
temperate and warm-temperate deciduous malacophyll broad-
leaf forest, whereas periods of decrease (on average 30%) from
2700 cal. yr bp (LS-3) and between 1700 and 700 cal. yr bp,
and ad 1700 and 1850, are indicative of a biome dominated by
grassland (Figs 3a,b & 4). Pollen abundances and the diversity
of all herbaceous communities as well for cultivated plants also
rose (Fig. 3b). Increased abundance of herbaceous plants is
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Figure 3 Estimated regional vegetation cover based on the REVEALS model (black lines) and pollen percentages (grey lines) for 28 taxa
over the last 12,000 cal. yr bp at Lake Stiucii, north-western Romania: (a) trees and shrubs, and (b) herbaceous taxa.
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also visible in the macrofossil assemblages (Fig. 5). Macro-
charcoal accumulation rates increased between 3300 and
700 cal. yr bp to decline again over the last 700 years (Fig. 6).
Climate simulations
Between 11,500 and 8300 cal. yr bp, simulations of atmo-
spheric climate conditions showed warm and dry growing
season conditions (i.e. higher temperature and evapotranspi-
ration and lower precipitation than today), followed by a
gradual transition to cooler and wetter growing season con-
ditions between 8300 cal. yr bp and the present (Fig. 6).
DISCUSSION
Full glacial and late glacial land-cover changes
(55,000–35,000 cal. yr BP; 13,000–11,700 cal. yr BP)
The age–depth model indicates that the bottom part of the
Lake Stiucii sequence registers a glacial environmental history
from at least 55,000 cal. yr bp and is thus one of the few
regional palaeoecological records reaching so deep into the
last glacial cycle. REVEALS-based vegetation estimates that
correct for the pollen productivity and transport differences
of each taxon indicate a landscape with a tree cover of
20–60% (up to 80% in the uncorrected pollen percentages)
that included Pinus (dominant), Betula, Alnus, Picea abies,
Juniperus, Salix, Ulmus and Tilia from c. 55,000 to c.
35,000 cal. yr bp (Fig. 2). Biome reconstruction suggests the
prevalence of cold evergreen needleleaf forest or woodland
(similar to a forest steppe biome) during this interval. Chro-
nologically, this interval could be a reflection of the warm
and moist conditions of the early Marine Isotope Stage
(MIS) 3 interstadial (Fletcher et al., 2010; Panagiotopoulos
et al., 2013) that provided sufficient moisture for tree growth
and local burning. Following this period of a more forested
landscape, xerothermic herbs and grasses expanded to
become the dominant biome from 650 cm in the core and
this coincides with a slight decline in fire activity (Fig. 2).
This biome is indicative of dry and cold growing season con-
ditions that could represent the end of MIS 3 and the onset
of cold MIS 2 (c. 29,000 cal. yr bp), that limited tree growth,
biomass accumulation and fire activity. However, without a
better-constrained chronology it is difficult to confidently
ascribe any precise age to these sediments.
It has been debated whether tree pollen percentages from
last glacial sequences in central-eastern Europe are indicative
of gallery forest along river valleys or reflect more extensive
open woodlands within the landscape (Willis & van Andel,
2004). As our reconstructed tree cover is corrected for pollen
Figure 4 Summary of the vegetation type
estimates based on the REVEALS model
(percentages) and raw pollen percentages, as
well as biome reconstruction at Lake Stiucii,
north-western Romania.
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productivity and transport, the results are in favour of the
view that although trees may have been more abundant along
the river valley (in which Lake Stucii lies and which also
accounts for the sandy nature of the sediment at this depth),
widespread needleleaf woodlands prevailed on the surround-
ing landscape, at least during more favourable periods of the
last glacial such as MIS 3. However, our REVEALS-based tree
cover reconstruction is about 20% lower than that represented
by pollen percentages and highlights that the proportion of
the trees (mainly Pinus) during this glacial is overestimated
using pollen percentages. Although fragmentary, other fossil
records from central-eastern Europe sustain the idea that
woodlands, composed primarily of needleleaf and cold decid-
uous trees, with a small population of temperate deciduous
trees, persisted during MIS 3-2 (Willis & van Andel, 2004;
Kunes et al., 2008; Magyari et al., 2014). Our results also give
support to model-based estimates of vegetation in MIS 3,
which suggests that climate condition supported regional taiga
forest in central-eastern Europe, results previously deemed
unreliable because of their mismatch with a single palaeo-
sequence from this region (Alfano et al., 2003). However,
recent vegetation simulations, including cold spells linked to
Heinrich events, indicated treeless conditions during cold sta-
dials and more forested conditions during interstadials (Hunt-
ley et al., 2013).
The period c. 13,000–11,700 cal. yr bp was marked by
the maximum extension of a grassland biome (grasses and
xerothermic herbs), while the tree cover was dominated by
Pinus (25–35%), with a small proportion of Alnus, Betula,
Fraxinus, Quercus and Ulmus (Fig. 2). Local biomass
appeared sufficient to sustain fire during the Younger Dryas
(YD; Fig. 2). The vegetation composition during this time
was a response to cold and dry GS-1 stadial conditions
(YD), when a broad-scale drop in precipitation and winter
temperatures led to a marked contraction in the forest cover
in the lowlands of CE Europe (Willis et al., 1997; Tantau
et al., 2006; Feurdean et al., 2007; Connor et al., 2013).
Holocene cover changes
Mixed needleleaf and deciduous broadleaf forest between
11,700 and 8600 cal. yr BP: warm and dry conditions
The land-cover reconstruction shows a c. 20% increase in
tree cover around 11,700 cal. yr bp from an average of c.
33% to c. 57%, along with a decline in grasses and steppe
communities. The reconstructed biome is a cool mixed ever-
green needleleaf and deciduous broadleaf forest (Fig. 4). The
Picea abies peak between 11,350 and 10,350 cal. yr bp proba-
bly represents local variability or possibly poor pollen preser-
vation favouring more resistant pollen types, an
interpretation supported by the absence of this feature in all
low elevations pollen records in this region (Willis et al.,
1998; Feurdean et al., 2007; Tantau et al., 2006; Magyari
et al., 2010). Warm and dry site conditions in the early
Holocene are suggested by the drying up of the lake and the
onset of peat formation in the basin (Feurdean et al., 2013a).
Simulations of atmospheric conditions show an average
growing season temperature (c. 14.5 °C) and evapotranspira-
tion, which were regionally higher than today, and a lower
growing season precipitation between 11,600 and 8500 cal. yr
bp (Fig. 6). Fires were frequent in the early Holocene
(Fig. 6). We suggest that the prevalence of warm and dry
growing season conditions with prolonged summer droughts
and frequent fire, prevented full forest extension and created
conditions favourable for the persistence of grasses and forbs.
These were probably not restricted to edaphically favourable
locations and a considerable herbaceous cover developed
outside forest patches and/or under an open forest canopy.
This inference is based on the high proportion of pollen and
macrofossils of grasses and open habitat forbs including step-
pic indicators (Figs 3–5). The occurrence of Phragmites on
the site itself, which was a peatland during this period, may
indicate that the REVEALS-reconstructed cover for Poaceae
somewhat overestimates the regional abundance of grasses.
However, our interpretation is further supported by a pedo-
logical study, which indicated the formation of darker soil
(Phaeozems and Chernozems) associated with the extension
of the forests and steppic grasslands and drier climate during
the early Holocene in the Transylvanian Plain (Timar Gabor
et al., 2010). Pollen-based landscape openness has been doc-
umented to be greater in the early Holocene (11,700–
9000 cal. yr bp) than in the mid-Holocene (9000–3000 cal.
0
2
5
Po
ac
ea
e
 
(cf
. F
es
tu
ca
)
0
20
40
60
Po
ac
ea
e
 
(ve
ge
tat
ive
 pa
rt)
0
20
40
Po
ac
ea
e 
e
pi
de
rm
is
 
(ch
arr
ed
)
0
20
40
Ly
co
pu
s
0
2
5
Th
ym
us
0
5
10
15
20
Ch
en
op
od
iu
m
 
sp
.
0
2
5
8
10
At
rip
le
x
0
20
40
60
Ch
en
op
od
ia
ce
ae
 
(to
tal
)
Su
ed
a
m
a
rit
im
a
0123456789101112
0
20
40
60
Age (cal. kyr BP)
Figure 5 Selected plant macrofossil remains (concentrations of
items in 30 cm3 sample volume) indicative of open ground and
saline meadows at Lake Stiucii, north-western Romania.
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yr bp), and in lowlands than at mid- to higher elevations in
Romania (Tantau et al., 2006; Feurdean et al., 2013b). Graz-
ing by wild herbivores may have additionally contributed to
the maintenance of landscape openness (Vera, 2000). How-
ever, we have evidence for a moderate occurrence of copro-
philous spores (Sporomiellla) between 11,700 and 9500 cal.
yr bp (Fig. 6).
In Hungary, pollen-based reconstructions of landscape
openness during the early Holocene varied between 25 and
60% (a temperate deciduous wooded steppe or temperate
deciduous forest biome) (Willis et al., 1997; Magyari et al.,
2010), whereas in the lowlands of Czech Republic
(Moravia) and Slovakia it was c. 25% (Pokorny, 2011;
Hajkova et al., 2013). There was also an increase in fire
activity at most of these sites. These features also hold
true for south-eastern Europe, including southern Romania
(Tomescu, 2000; pollen) and eastern Bulgaria (Connor
et al., 2013; pollen and charcoal). Overall, these results
suggest the prevalence of more open forests and extensive
natural grasslands in the lowlands of central-eastern
Europe during the early Holocene as a combined effect of
enhanced dryness and fire activity.
Increased temperate deciduous broadleaf forest cover
between 8600 and 4700 cal. yr BP: wetter and cooler
conditions
Tree cover steadily increased from 8600 cal. yr bp to the
highest levels in the record between 7000 and 4700 cal. yr
bp. This paralleled a decline in herbaceous plants, notably of
steppe and open habitat forbs (Figs 3–5). Biome reconstruc-
tion suggests the predominance of a temperate deciduous
broadleaf forest (Corylus, Quercus) until 7000 cal. yr bp and
of warm-temperate deciduous malacophyll broadleaf forest
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versus grass cover (REVEALS); Cerealia (%
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herbaceous plants (grey) at Lake Stiucii,
north-western Romania; simulated growing
season conditions (T = temperature,
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evapotranspiration); archaeological finds
(settlements and cemeteries within a 10-km
radius); and lake level reconstruction
(Feurdean et al., 2013a).
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between 7000 and 4700 cal. yr bp (Fig. 4). This forest cover
maximum coincides with low fire activity, a modest rise in
the water table of the wetland and the reduction in simulated
growing season temperature and a precipitation increase
(Fig. 6). Grasses are known to be weak competitors against
trees under sufficiently moist conditions (Hoffmann et al.,
2012; Hejcman et al., 2013). Tropical and North American
temperate grasslands depend on fire to persist (Hoffmann
et al., 2012), but temperate grassland–fire interactions have
been less well explored in Europe. Our results suggest that
the progressive increase in effective moisture and a climate-
mediated decline in fire activity appear to have ensured a
competitive advantage of trees over herbs. Based on the
decline in the proportion of herbs, it is likely that a substan-
tial proportion of the herbaceous layer under the forest can-
opy was also eliminated, while many of the steppe and forbs
communities became constrained to areas edaphically unfa-
vourable for forest growth.
There is evidence of Early Neolithic pastoral activity
(8000 cal. yr bp) in the Lake Stiucii pollen and coprophilous
records (Fig. 3a,b, Appendix S3). Signs of arable agriculture
(Cerealia and Secale) are evident from 7000 cal. yr bp
(Fig. 3b). On a regional scale, however, numerous archaeo-
logical sites of mid- to late Neolithic origin (7500–6000 cal.
yr bp) are reported (Crișan et al., 1992; Repertoriul Arheo-
logic National, http://ran.cimec.ro/, accessed 2013). A wider
expansion of the forest cover, sometime between 9000 and
3000 cal. yr bp, has been noted in the lowlands of central
(Willis et al., 1997; Magyari et al., 2010; Nielsen et al., 2012;
Hajkova et al., 2013), eastern (Kremenetski, 1995) and
southern Europe (Tonkov et al., 2014). This regionally con-
sistent pattern of vegetation change suggests that a wider
scale increase in moisture availability dictated mid-Holocene
afforestation across lower elevation areas in Europe.
Deforestation and transition to wooded steppe over the last
4700 cal. yr BP
The tree cover declined from c. 65% at 4700 cal. yr bp to c.
50% at 3700 cal. yr bp, while grasses, xerothermic and hal-
ophilous forbs and anthropogenic indicators expanded
(Figs 3–5). Biome reconstruction suggests the persistence of
warm-temperate deciduous broadleaf forest until 3700 cal. yr
bp (Fagus sylvatica dominant) and a switch to deciduous
broadleaved woodland (forest steppe; Quercus dominant) at
3700 cal. yr bp (Middle Bronze Age). Conversely, grasslands
predominated between 2000 and 800 cal. yr bp (Dacian and
Roman periods until the early Medieval Period), 200 and
100 cal. yr bp (Austro Hungarian Empire) and during the
socialist period (1950–1989).
The lithology-based lake level reconstruction from Lake Sti-
ucii shows a pronounced moist phase between 4700 and
3700 cal. yr bp and low fire activity (Fig. 6). There is also an
increase in F. sylvatica at this time that paralleled a decline in
Picea abies, Corylus avellana and Carpinus betulus (Fig. 3a).
Fagus sylvatica requires moist summers and is a fire-sensitive
taxon (Peterken & Mountford, 1996). This shift in the forest
composition towards more mesic tree species is consistent
with the hypothesis of enhanced moisture availability and
diminished fire activity in the region. A climatic transition to
wetter conditions in the study area is also indicated by a shift
in soil properties from dark soil types towards Luvisols c.
4900–4000 years ago (Timar Gabor et al., 2010) and an inten-
sification of fluvial activity in several rivers in Romania (Per-
soiu, 2010). Our results therefore suggest that the onset of the
opening of the forests at 4700 cal. yr bp resulted from the
influence of something other than a climatically dry phase.
Instead, a close association between the decline in forest cover
and the corresponding increase in grasslands, enriched slightly
by anthropogenic indicators, implies that humans were
responsible for the initiation of the vegetation change after
4700 cal. yr bp (Figs 3 & 5, Appendix S3). Increased human
impact in the study area is supported by a relatively high num-
ber of local archaeological sites of Late Copper Age (Cotofeni
culture 5500-4500 cal. yr bp; Fig. 6). Subsequently, the timing
of the biome shift from forest to forest steppe around
3700 cal. yr bp overlaps with a climatically dry phase, as sug-
gested by the lithostratigraphically inferred lake level fall
(Fig. 6). There is also a clear rise in anthropogenic indicators
and coprophilous fungi. Therefore, the synergic effects of cli-
mate and human activities in opening the landscape at this
time are apparent. The number of archaeological sites during
this phase of marked deforestation (Middle Bronze Age) was
low and they were represented mainly by the Wietenberg cul-
ture. However, this culture is characterized by short-lived set-
tlements (Boroffka, 2013), which may explain the apparent
mismatch between the level of anthropogenic disturbance and
the evidence of human occupation (Fig. 5). Local biomass
burning increased significantly between 3300 and 700 cal. yr
bp concurrent with the development of a grassland biome,
indicating the active role of natural and human-induced fires
in this vegetation shift and grassy biome persistence. The
extension of meadows after 2600 cal. yr bp (Iron Age) may
also be a reflection of the technological improvements in agri-
culture brought about by the introduction of iron scythes in
harvesting the grasslands (Hejcman et al., 2013). The high
proportion of saline species of Chenopodiaceae between 1800
and 1000 cal. yr bp indicate that herbaceous flora included sal-
ine floodplain meadows (Fig. 3b).
Our findings of a marked, anthropogenically induced eco-
system transformation in the lowlands of Transylvania from
about 3700 cal. yr bp contrast with the situation for the
mountainous areas of Eastern Europe, which retained most
of their forests until 1000 years ago (Kaplan et al., 2011;
Feurdean et al., 2013b). The timing of the initiation of land-
scape opening at the study site, however, resembles more
that of other lowland areas in CE Europe such as Hungary,
but is earlier than in Moravia and Slovakia (Willis et al.,
1997; Magyari et al., 2010; Hajkova et al., 2011, 2013). A
marked expansion of xerophitic steppe during the last
3000 cal. yr bp was noted in eastern (Kremenetski, 1995)
and southern Europe (Tonkov et al., 2014). This regional
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opening of the landscape appeared much earlier than the
deforestation of this region indicated by ALCC models, i.e.
from c. ad 1000 by the HYDE and after ad 1400 by the
KK10 models (Kaplan et al., 2011). Comparison between a
pollen-based reconstruction and an ALCC modelled forest
cover highlights that the relationship between population
density and land-use productivity is dynamic and that simu-
lations at a European scale sometimes appear unable to accu-
rately capture regional details. This may reflect natural
variations in environmental factors and shifting social, eco-
nomic and cultural boundaries.
CONCLUSIONS
The pollen-based vegetation modelling applied here provides
the first long-term quantitative reconstruction of vegetation
cover changes from this part of Europe. Results from the
REVEALS model suggest that landscape openness was c. 20%
(c. 10–15%) greater during the glacial period (Holocene)
than the estimates by the raw pollen data. Generally,
REVEALS predicted a greater cover of Poaceae and Picea,
and lower values for Pinus, Artemisia and Chenopodiaceae
than the raw pollen data.
Open cool evergreen needleleaf forest occurred in the
region during the last glacial (55,000 cal. yr bp; MIS 3), but
became reduced thereafter probably marking the transition
to the colder MIS 2. A forest coverage of c. 55% (early Holo-
cene) and 65% (mid-Holocene) prevailed through the Holo-
cene, but Bronze Age humans extensively cleared forests after
3700 cal. yr bp. This confirms our second hypothesis that
the landscapes of Transylvanian Plain were more forested in
the past, although there appears to have been a sufficient
degree of landscape openness to sustain the hypothesized
antiquity of grasslands. The assumption of a more recent
ecosystem transformation is also challenged as we show that
human activities have led to profound ecological impacts for
almost four millennia.
Grasses, as well as steppe and xerothermic forbs, were
most extensive during the glacial period, the Younger
Dryas, the early Holocene (11,700–8600 cal. yr bp) and late
Holocene (3700–0 cal. yr bp), reflecting a combination of
dry growing conditions, intense fires, and human impact
(from Bronze Age). Saline meadows and semi-natural grass-
lands were also part of the late Holocene grassy biome. Con-
versely, the xerothermic and steppe forbs became most
reduced during the moister and less fire active period of the
mid-Holocene. Our results demonstrate the long-term persis-
tence of extensive natural and semi-natural grasslands in this
region, thus giving support to the hypothesis that their
exceptional diversity in CE Europe could be the result of
their ancient nature and continuity in the landscape.
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